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INTRODUCTION 
In the simplest view solid state welding of metals occurs when 
intimate contact is achieved by clean metal surfaces. These two 
requirements, contact and cleanliness, are attained as a result of 
thermal diffusion and mechanical deformation. Not surprisingly, the bond 
plane defects of greatest concern are incomplete contact (porosity) and 
residual contamination. These are illustrated in Figure 1: (a) bondline 
pores in Ti-6V-4Al, with good bonding between the pores; and (b) intimate 
contact along the entire surface, but bonding impeded by contamination, 
in this example 304L stainless steel. For many diffusion bonds, -both of 
these defects are found, and of course the amount and severity varies 
considerably. The work reported here is specifically directed towards 
characterizing the second type of defect, intimate contact achieved with 
a thin (less than one micron) contaminant layer impeding full 
metallurgical bonding. 
Fig. 1. Typical interface defects observed in diffusion bonds. (A) Ti-
6V-4Al, porosity with good metallurgical bonding between pores, 
and (B) 304L stainless steel, interfacial contamination but 
intimate contact between the bonding surfaces. 
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Conventional nondestructive evaluation (NDE) techniques have not 
worked well for predicting interfacial failures caused by barrier layers. 
These failures can be catastrophic; and as a consequence, some designers 
are reluctant to use solid state welds in the absence of credible NDE. 
This problem of predicting suspect interfaces extends beyond diffusion 
bonds to other solid state welds where similar concerns exist regarding 
interfacial quality. 
In examining techniques for nondestructive1y assessing bond quality, 
it is essential to realize that ultrasonics is a probe of material 
microstructure, not a direct measure of mechanical strength. That is, 
the acoustic wave for this study interacts with physical features of the 
material, such as grain size, grain morphology, phase distribution, 
dislocation density or porosity. The mechanical behavior of the bond is 
influenced by the same microstructural features; however, those features 
interacting most strongly with the acoustic wave may only have minimal 
effect on mechanical strength and visa versa. Since changes in 
processing conditions often induce changes in several microstructural 
features simultaneously, it is essential to carefully characterize the 
microstructure of the object being interrogated and that characterization 
includes bond quality. Only in this way can there be confidence that the 
NDE procedure developed is evaluating the appropriate microstructural 
feature. 
MICROSTRUCTURAL CLASSIFICATION SCHEME 
When diffusion bonds are mechanically stressed, either deliberately 
as in a tensile test or accidentally during post-weld machining for 
example, a wide range of strengths are observed. This variation in 
strength is generally attributed to extent of bondedness, i.e., bonded 
regions mixed with regions of no-bond (open cracks). When the no-bond 
regions are open with sufficient cross-sectional area, they can sometimes 
be detected by conventional ultrasonic techniques. However, for many of 
the diffusion welds we have examined, this bond/no-bond approach does not 
work well. When specimens do not have uniform bonding across the bond 
plane, the unbonded interfaces may be held in intimate contact via 
residual stresses. ,When the bonding across the specimen is uniform, as 
in this work, the variation in mechanical performance can only be 
explained by differences in the quality or type of bonding. 
To describe quality of bonding, we chose a classification scheme that 
is based on four quality levels, although clearly a continuum exists. 
These classes are denoted Class 1 through 4, where Class 1 refers to the 
best weld possible and Class 4 refers to a weld which holds together 
mechanically but has no ductility. The characteristics of the different 
classes are: 
Class 1. A Class 1 weld is the best quality interface which can be 
fabricated. Grain growth has occurred across most of the original 
interface. Contaminants and oxides are well dispersed and no obvious 
chemical inhomogeneities remain. Class 1 welds will often fail outside 
the interface in the adjacent metal. 
Class 2. Class 2 welds are frequently encountered in a variety of 
solid state welds. For this type of weld some grain growth across the 
interface occurs; however, some residual contamination is present. As a 
consequence, during plastic deformation a planar array of microvoid 
nucleation sites on the bond plane are activated, which accelerates void 
link-up leading to failure. The strength will be high, since macroscopic 
plastic deformation must precede failure, but the toughness or ductility 
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is reduced. Separation along the original interface may occur, even 
though the mechanical performance is only slightly reduced from Class 1. 
Class 3. Class 3 welds have minimal grain growth across the 
interface and continuous contamination at the interface. The strength 
may still be high because some yielding may be required to cause failure; 
however, virtually all other aspects of mechanical performance are 
diminished. 
Class 4. Class 4 welds are characterized by heavy contamination 
along the interface and considerable brittleness. These welds may fail 
during post-weld handling or impact. 
As examples of why this type of classification is needed, consider 
preparing two Class 1 bonds, one using lead and the second using steel. 
The ideal NDE probe would indicate that these welds are equivalent in 
weld quality and would ignore the fact that the steel weld is much 
stronger. Similarly, when a soft interlayer is used as a bonding aid, 
the ideal NDE probe of bond quality should not respond to the thickness 
of the interlayer or the mechanical behavior of the base metals, both of 
which will affect the joint strength, irrespective of the actual weld 
quality. Although most welds are currently compared by directly 
measuring mechanical behavior, it should be understood that judging weld 
quality on the basis of mechanical strength may be misleading. 
SAMPLE PREPARATION 
The experimental challenge for any NDE feasibility study is to 
fabricate both good and defective specimens where: (1) bond quality can 
be varied from Class 1 to Class 4, (2) bond quality remains uniform 
across the diameter of a single specimen, and (3) changes in bond quality 
are not accompanied by other changes in bulk microstructure, such as 
grain size. The approach we have taken involves low temperature 
diffusion bonding of lapped surfaces [1]. The surfaces to be joined are 
lapped to a flatness of about 0.13 microns (5 micro-inch). A thin layer 
of pure silver (10-20 microns) is vapor deposited on the interfaces, and 
the specimen halves are diffusion bonded, at temperatures ranging from 
110 C to 400 C and pressures to 200 MPa (30 ksi). For this study, two 
different base materials were used: HP 9-4-20, a martensitic steel; and 
JBK-75, a precipitation hardened austenitic stainless steel. The 
specimen halves were 62 mm long with a diameter of 12.5 mm. 
Done properly, this joining technique results in metallurgically 
sound welds between virtually any two materials. Because the silver will 
not macroscopically deform at low temperatures, one essential requirement 
for this process is that the surfaces must conform. In our case both 
surfaces must be flat. Unfortunately, for the specimens used in this 
study [2] the flatnesses were not inspected and the quality of the bonds 
was uniformly poor, Class 3-4. To compare good to poor welds, some bonds 
were rewelded using direct resistance heating under compressive load. 
High quality, Class 1, bonds resulted from heating to 650-700 C for 5 
minutes at 200 MPa compressive stress. These reheated specimens were 
compared with unheated specimens in two studies, one reported here and a 
second recently published [3]. Altogether 26 specimens have been 
examined. 
EXPERIMENTAL PROCEDURE 
A computerized ultrasonic research facility was employed for scanning 
the bonds, reducing the acoustic data, and developing the classification 
algorithms [4]. Ultrasonic data was taken with a 12 MHz broadband 
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transducer whose focal distance is less than 25 mm in steel. The 
specimens were machined on one side so that the bond was 9 mm from the 
top surface. All of the specimens were C-scanned prior to detailed 
analysis. Given the small number of samples, each specimen was probed in 
five locations: at the center and four locations at a radius of about 3 
mm. For each location the ultrasonic waveform was stored, digitized, and 
processed to determine the R-F spectrum (normalized Fast Fourier 
Transform), video envelope, analytic spectrum, and transfer function. A 
total of 31 features of these curves, such as amplitude, half-width, rise 
rate, etc., were tabulated. Four waveforms from each diffusion bonded 
specimen (training set) were used to develop a predictive algorithm. 
First the features were examined individually to decide which features 
showed the greatest promise for separating good from poor bonds. Then, 
once the pertinent features were established, a classification algorithm 
was developed from the training data. The classification algorithm was 
tested on the fifth waveform of each diffusion specimen (which was not 
part of the training set). 
RESULTS 
Before 
scans were 
Figure 2. 
accurately 
the diffusion specimens were considered for this study, C-
performed on all of the specimens and the results are shown in 
Unfortunately, these grey-scale reproductions do not 
present the data on the original color images. Based on 
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Fig. 2. Ultrasonic C-scans of diffusion bonds used in this study. 
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Differences in shades of gray represent small differences in 
reflected amplitude. Samples show good uniformity across their 
diameters (with exceptions noted in text). Reflection amplitude 
scale varies among photos to make grey reproductions clearer. 
Constant amplitude scale was used for original color images. 
reflection amplitude from the original imaging, it was concluded that the 
bond quality is fairly uniform across the specimen diameter for all 
specimens except three of the poor JBK bonds. Differences in color level 
represent very small differences in reflected amplitude. Consistent with 
the results of Hosten [3], the amplitude of the reflected signal, which 
includes both Ag-stee1 interfaces as well as the Ag-Ag interface, 
provides a means for separating good from bad welds for the HP 9-4-20. 
Separating the good from poor JBK bonds is less reliable since for some 
of the poor bonds the reflected amplitude is almost as small as for the 
good welds. Using the absolute value of the reflected amplitude as an 
acceptance test has been unsuccessful in production environments because 
amplitude is extremely sensitive to a variety of factors such as 
alignment, geometry, surface finish, thickness, and material grain size. 
Therefore, we concentrated our efforts on identifying analytical 
information, such as transfer functions and frequency content, which are 
less sensitive to extraneous or external variations. 
For the feature analysis portion of this study, the feature selection 
was optimized for the JBK bonds, which appeared to present the greatest 
challenge, and the same features were used for the HP 9-4-20 bonds. The 
features which proved the most useful are listed below: 
Feature 17 - Area under (normalized) R-F spectrum - Fourier Transform 
21 - Kertosis (sharpness) of R-F spectrum 
31 - Area under transfer function 25-30 MHz 
The accuracy of the discrimination algorithm based on these three 
features is shown in Table I. 
When separate algorithms are used for the HP 9-4-20 and JBK specimens 
(i.e., different coefficients associated with each feature), 100% 
successful separation of the good from poor HP 9-4-20 bonds is achieved 
and about 90% success for the JBK specimens. For the JBK specimens, some 
Class 4 (poor) bonds would be mistakenly predicted good (Class 1) using 
this algorithm. Examining the C-scans in Figure 2, it appears that a few 
of the JBK specimens had regions with better than expected bonding which 
may account for these "mis-calls." These specimens will be tracked for 
destructive testing when the NDE studies are complete. 
Several comments should be made regarding these results. First, none 
of the economical (easy to measure) features associated with the video 
envelope proved useful; which is unfortunate from the point of view of 
inexpensive data reduction. Second, no single feature (analogous to a C-
scan) provided good separation; even with three features some erroneous 
predictions would be made. It is notable that when the algorithm 
developed for the JBK specimens was tried on the HP 9-4-20 test 
specimens, the predictions were also 100% correct, demonstrating, at 
Table I - Results of Diffusion Bond Studies 
JBK -75 
bonds 
Training 
samples 
I 28/28 C1. 1 
I 27/28 Cl. 4 
HP 9-4-20 I 20/20 Cl. 1 
bonds I 20/20 C1. 4 
Test 
samples 
7/7 Cl. 1 
5/7 Cl. 4 
5/5 Cl. 1 
5/5 C1. 4 
Percent 
training 
98% 
100% 
Percent 
test 
86% 
100% 
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least for this study, that the algorithm is insensitive to base metal 
microstructure. This is the first time a discrimination algorithm has 
been successfully transferred from one material or geometry to another. 
When the R-F Spectr,ums (Fourier Transform) of the reflected waveforms 
are examined in detail, it is found that the differences between good and 
poor bonds occur exclusively at the highest frequencies, above 15 MHz. 
At frequencies below 15 MHz, the welds are indistinguishable based on 
energy content. This observation is quantified in the algorithm 
successfully used in this study, where the area under the R-F Spectrum is 
measured, as is the sharpness of the curve around the centerline 
frequency (i.e., does the curve falloff above 15 MHz). The amplitude of 
the transfer function in the range 25-30 MHz seems to aid separation; 
however, the energy content in this frequency range from a 12 MHz broad 
band transducer is relatively small. Each of these features indicates 
that the bond plane defects preferentially scatter the high frequency 
content while transmitting the remaining signal. Since these frequency-
dependent features are normalized by the actual reflected waveform, 
regardless of its amplitude, they are less likely to be influenced by 
external variations, such as alignment or surface finish, which will 
strongly influence traditional C-scans. 
As discussed earlier, the ability to determine interface quality 
nondestructively is only part of the overall program. The limits for 
acceptable bond quality must still be defined. Those limits may depend 
on service environment, i.e., fatigue, creep or stress corrosion 
cracking. Virtually no work has been performed in this area. For our 
specific applications, acceptable welds are defined as Class 2 or better. 
Therefore our goal is to discriminate between Class 2 and Class 3 quality 
welds. In the work described here we have demonstrated the ability to 
separate Class 1 from Class 4 bonds, which is just one step towards our 
long range objective. 
CONCLUSIONS 
1. NDE must be treated as a probe of microstructure, not a measurement 
of mechanical performance. With the ultimate goal of devising a 
technique to evaluate bond quality, a classification. scheme for 
describing interface microstructure has been outlined. This scheme 
should be broadly applicable to a variety of materials and joining 
techniques. 
2. Using algorithms determined by extracting analytical features from 
ultrasonic waveforms, we were able to successfully separate good from 
poor low temperature diffusion bonds in both a martensitic and austenitic 
steel. Additional testing is required to test whether the algorithm used 
here is appropriate for detecting other types of weld defects. 
3. Discrimination features based on the high frequency energy content 
seem to provide the best predictions of weld quality. 
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